Introduction {#Sec1}
============

Japanese encephalitis virus (JEV) is a member of the genus flavivirus of the family flaviviridae. JEV exists in a zoonotic cycle among mosquitoes, pigs and some birds, and human being as incidental and dead-end hosts. In humans, JEV infection can cause Japanese encephalitis (JE) with severe central nervous system disorders. JE is the leading cause of viral encephalitis in China, India, Japan, Southeast Asia and Western Pacific regions, where 30,000--50,000 cases are reported annually, among these cases, about 30% are fatal. 30% of those who survive will remain irreversible neurologic damage \[[@CR1]\]. JE can be controlled by vaccination. The implementation of control program is dependent on accurate surveillance data, which include laboratory confirmation of JEV infection.

Diagnosis of JEV infection is mainly based on serological, viral culture and molecular approaches. Serological methods are simple and feasible. However, antibody test results may be confusing due to considerable cross-reactivity with other flaviviruses \[[@CR2]\]. Virus isolation is a definitive diagnosis for JEV infection, however, this assay is usually unavailable owing to less sensitive and more time consuming. RT-PCR assays for detection of specific genomic sequence of JEV have been showed high sensitivity and specificity \[[@CR3]--[@CR5]\]. However, these assays compared with serologic tests are more time-consuming and require expensive and sophisticated equipments. Most of cases of JE occur in rural areas, where routine RT-PCR diagnostic facilities are limited. Therefore, it is necessary to develop a rapid, simple, sensitive, and specific diagnostic method for JEV infection and surveillance.

Loop-mediated isothermal amplification (LAMP) is a novel PCR method developed by Notomi et al. \[[@CR6]\]. The most important advantage of the LAMP is amplification of nucleic acids under isothermal conditions at a temperature range of 60--65°C for 1 h or less. Another advantage of the method is that the amplification from stem-loop structures leads to the accumulation of large amounts of products of various lengths, making detection of amplified nucleic acids much easier \[[@CR7]\]. Recently, LAMP technology has been successfully applied for rapid detection of various pathogens, such as West Nile virus (WNV), SARS-CoV, *Mycobacterium tuberculosis*, *Paracoccidioides brasiliensis*, *Plasmodium* \[[@CR8]--[@CR12]\]. A reverse transcription LAMP (RT-LAMP) assay for detecting JEV was firstly reported by Toriniwa and Komiya and the sensitivity similarly to conventional RT-PCR \[[@CR13]\]. Later, Parida et al. \[[@CR14]\] reported the application of RT-LAMP assay to detect JEV in the cerebrospinal fluid samples from patients with clinical diagnosis of acute encephalitis, which the sensitivity of JEV detection was comparable to conventional RT-PCR. Yet they have not compared the sensitivity and specificity of RT-LAMP with real-time RT-PCR assay. Today, real-time PCR assays have a trend to replace conventional PCR or viral culture method in clinical diagnosis for a lot of viral infections because of their high sensitivity and specificity \[[@CR15]\]. Here, we report a comparative study of sensitivity and specificity of RT-LAMP, conventional RT-PCR and real-time RT-PCR assays for detection of JEV.

Materials and methods {#Sec2}
=====================

Viruses {#Sec3}
-------

Nakayama strain of JEV was used as positive standard in the present study. The live-attenuated Japanese encephalitis vaccine (derived from SA14-14-2 viral strain, Chengdu Institute of Biological Products, China) also used as positive control. Negative control included five species of viruses, dengue-2 virus (New Guinea C strain), rabies virus (Flury strain, low egg passage), norovirus, astrovirus and human enterovirus 71. Working stocks of Nakayama strain of JEV and the rabies virus were propagated by inoculation of suckling mouse brains, the dengue virus was propagated by in C6/36 cells. The stool specimens containing norovirus, astrovius or enterovirus 71 were obtained from laboratory confirmed patients. A 10% (wt/vol) suspension of stool was made then kept at −80°C until used.

Samples {#Sec4}
-------

Two JEV-positive and ten JEV-negative specimens of bat brain tissues that had been confirmed by real-time PCR (data not shown).

Five clinical samples of cerebrospinal fluid (CSF) and two serum samples were collected from patients with non-JE at Nanfang Hospital, Guangzhou city. Simulated JEV-positive samples were prepared as follows. Nakayama strain of JEV propagated in BHK-21 cells. After cultivation and harvest, 10 μl of cultivated viral suspensions were added into sterile tubes containing 300 μl of CSF or serum samples.

Designing of primers for RT-LAMP of JEV {#Sec5}
---------------------------------------

The oligonucleotide primers used for the RT-LAMP of JEV were designed from the envelope (E) gene region of the published sequence of strain JaOArS982 (GenBank accession no. M18370). We designed a set of six primers comprising two outer primers (F3 and B3), two inner primers (FIP and BIP) and two loop primers (Loop F and Loop B) that recognizing eight distinct regions on the target sequence by the LAMP primer designing software PrimerExplorer V3 (<http://primerexplorer.jp/elamp3.0.0/index.html>). Based on the criteria described by Notomi et al. \[[@CR6]\], the primers were selected. The details of the selected primers with regard to their positions in the genomic sequences are shown in Table [1](#Tab1){ref-type="table"}.Table 1The primers used in the RT-LAMP amplification of E gene of JEVPrimer nameNucleotide position^a^Sequence (5′--3′)F31036--1054AATGACATGACCCCCGTTGB31239--1256GCTGCCAGTCTTTGAGCTFIPF1c: 1113--1132F2: 1066--1084AGGGGGGTTCCATCTCGACC--ACAGTGAACCCTTTCGTCGBIPB1c: 1152--1171B2: 1205--1222GGTTGGGAGGGGAGACAAGC--AAAAGGCCTTGCCTAGCGLoop F1085--1104TGAGTTGGCACTGGAAGTCGLoop B1172--1193AGATCAACCACCATTGGCACAA^a^Nucleotide position according to the sequence of E gene region of JEV strain JaOArS982 (GeneBank accession no. M18370)

RNA extraction {#Sec6}
--------------

Extraction of RNA from viral working stocks, suspension of stools, bat brain tissues and clinical samples was performed using QIAamp viral RNA mini kit (Qiagen, Germany), according to the manufacturer's protocols. The viral RNA was eluted from the QIAamp spin columns in a volume of 60 μl of elution buffer and stored at −80°C until used.

In order to evaluate the detection limit of the assays, the amount of JEV RNA was determined by spectrophotometric reading and converted to molecular copies by using the following formula \[[@CR16]\].$$\documentclass[12pt]{minimal}
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Then, 10-fold serial dilutions of the JEV RNA from 10^−1^--10^−8^ were used for detection of sensitivity of the assays.

RT-LAMP reaction and detection {#Sec7}
------------------------------

The RT-LAMP reaction was carried out in a total 25 μl reaction volume containing 2.5 μl of 10 × ThermoPol Reaction Buffer, 8U of Bst DNA polymerase (8 U/μl, New England Biolabs), 200 U of SuperScript III Reverse Transcriptase (200 U/μl, Invitrogen), 2.5 μl of dNTP Mix (10 mM, Invitrogen), 4.0 μl of Betaine (5 M, Sigma), 3.0 μl of MgCl~2~ (50 mM, Invitrogen), 1.0 μl of each of the F3 and B3 primers (5 μM), 1.0 μl of each of the BIP and FIP primers (40 μM), 1.0 μl of each of the Loop F and Loop B primers (20 μM), and 5.0 μl of target RNA. The mixture was incubated at 63°C for 1 h and heated at 80°C for 5 min to terminate the reaction.

After reaction, the amplified products of RT-LAMP were observed by electrophoresis on a 1.5% agarose gel electrophoresis (Biowest Agarose, Spain) following ethidium bromide staining under ultraviolet light. Besides, the products also were observed directly with the naked eye by adding SYBR Green I. 2 μl of original SYBR Green I (Invitrogen) was added to the reaction mixture tube. The solution turned green in the presence of LAMP amplification products, while it retained orange in the absence of the amplicon.

RT-CR and real-time RT-PCR {#Sec8}
--------------------------

First-strand cDNA was generated using Superscript III first-strand synthesis system (Invitrogen). The mixture was consisted of 50 ng of random hexamers (50 ng/μl), 1.0 μl of dNTP mix (10 mM) and 8.0 μl of total RNA and incubated at 65°C for 5 min, then on ice for at least 1 min. Afterwards, following reagents were added to each of reactions: 2.0 μl of 10 × RT buffer, 4.0 μl of 25 mM MgCl~2~, 2.0 μl of 0.1 MDTT, 40U of RNase OUT (40 U/μl, Invitrogen) and 200 U of Superscript III reverse transcriptase (200 U/μl). The reaction mixture was sequentially incubated at 25°C for 10 min, 50°C for 50 min and 85°C for 5 min. The synthesized cDNA was stored at −20°C.

RT-PCR was performed with the JEV specific primers targeting E gene of viral genome (GenBank accession no. L48961), JE1 (5′-ACCGTGGGGTCAAAGTCA-3′) (position no. 1590--1607) and JE2 (5′-TGCATTTTAGGTGGCCTGAT-3′) (position no. 1820--1839). The reaction was carried out in a total 50 μl mixture volume using Ex Taq™ system (TaKaRa, Japan) which contained 0.25 μl of TaKaRa Ex Taq polymerase (5 U/μl), 4.0 μl of dNTP mix (2.5 mM), 1.0 μl of each primer (10 μM), 5.0 μl of Ex Taq buffer, 5.0 μl of cDNA and 33.75 μl of nuclease-free water. The reaction was at 94°C for 5 min, followed by 35 cycles (94°C for 45 s, 55°C for 45 s, 72°C for 1 min) and a final extension cycle at 72°C for 10 min. The size of amplified product was 250 bp.

SYBR Green I-based real-time PCR amplification was performed with the detection of NS3 gene of JEV in the Mx3005P quantitative PCR system (Stratagene, USA) \[[@CR17]\], JEF (5′-AGA GCG GGG AAA AAG GTC AT-3′, position no. 5739--5758) and JER (5′-TTT CAC GCT CTT TCT ACA GT-3′, position no. 5900--5881) (GenBank accession no. M18370). The amplification was carried out in a 25 μl total reaction volume using SYBR^®^ Premix Ex Taq™ (Perfect Real Time) kit (Takara, Japan). The reaction mixture contained 12.5 μl of 2 × SYBR^®^ Premix Ex Taq™, 0.5 μl of 50 × ROX Reference Dye II, 0.5 μl of each of forward and reverse primers (10μΜ), 2.0 μl of cDNA template and 9.0 μl of nuclease free water. The thermal profile for Real-time PCR was 95°C for 30 s, followed by 40 cycles (95°C for 5 s, 60°C for 10 s, 72°C for 10 s). After amplification, a melting curve analysis was performed to verify the authenticity of the amplified product by its specific melting temperature (Tm).

Results {#Sec9}
=======

Amplification and specificity of the RT-LAMP assay {#Sec10}
--------------------------------------------------

The reaction mixture containing JEV genome was incubated at 63°C for 1 h, positive amplification could be detected by the presence of a ladder-like pattern on a 1.5% agarose gel electrophoresis under ultraviolet light. No positive reactions were found in dengue-2 virus, rabies virus, norovirus, astrovirus and human enterovirus 71 (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Specificity of the RT-LAMP assay for JEV. Positive amplifications show a ladder-like pattern on a 1.5% agarose gel electrophoresis under UV (*lane 1* and *lane 2*). From *lane 3* to *lane 7*, there is no cross reactivity with the control tested viruses. *Lane* *M*, DL2000 DNA Marker; *lane 1*--*2*, positive standard (JEV); *lane 3*, DEN-2 virus; *lane 4*, rabies virus; *lane 5*, norovirus; *lane 6*, astrovirus; *lane 7*, human enterovirus 71

Detection limit of the RT-LAMP assay {#Sec11}
------------------------------------

The transcript copy number of the initial concentration was deduced from the RNA concentration that was 1.49 μg/ml by using a SmartSpec 3000 spectrophotometer (Bio-Rad, USA). Depending on the formula by Krieg \[[@CR16]\], the JEV RNA initial concentration was converted to 2.4 × 10^8^ copies/μl. As observed on 1.5% agarose gel electrophoresis, the detection limit of the RT-LAMP assay was estimated to be 24 copies (Fig. [2](#Fig2){ref-type="fig"}). And the sensitivity of naked-eye inspection with the addition of 2 μl of SYBR GreenI dye was 240 copies (Fig. [3](#Fig3){ref-type="fig"}).Fig. 2Sensitivity of the RT-LAMP assay for E gene of JEV, the products were electrophoresed on a 1.5% agarose gels. This figure shows that the detection limit of JEV RT-LAMP is 24 copies/μl. The concentrations of JEV RNA are from 2.4 × 10^7^ to 2.4 copies/μl in 10-fold serial dilutions (*Lanes 1--8*). *Lane M* is DL2000 DNA Marker Fig. 3Naked-eye inspection of the RT-LAMP reaction stained with SYBR GreenI under normal light. Tubes 1--8, the concentrations of JEV RNA are ranged from 2.4 × 10^7^ to 2.4 copies/μl in serial 10-fold dilutions. Tubes 1--6 are positive amplifications (the original *orange color* of SYBR GreenI turn to be *green* in the online version). Tubes 7--8 are negative reactions (the tubes remain *orange color* in the online version). It demonstrates the detection limit of JEV RT-LAMP is 2.4 × 10^2^ copies/μl by naked-eye inspection

Comparison of the RT-LAMP, RT-PCR and real-time RT-PCR {#Sec12}
------------------------------------------------------

Serial 10-fold dilutions of JEV RNA were parallelly tested by RT-PCR and real-time RT-PCR. The detection limits of conventional RT-PCR and real-time RT-PCR were 240 copies and 24 copies, respectively (Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}). Figure [6](#Fig6){ref-type="fig"} shows JEV special standard curve constructed using the known concentrations of 10-fold serial dilutions of JEV RNA. Melting curve analysis showed that specific amplification melting temperature was 84.7°C (Fig. [7](#Fig7){ref-type="fig"}). According to the amplification and dissociation plots, the amplified product could be assigned as specific genomic sequence.Fig. 4Sensitivity of RT-PCR assay for E gene of JEV. Amplified products of the RT-PCR assay are observed on a 1.5% agarose gel electrophoresis under UV. The amplicon size is 250 bp. This figure shows that the detection limit is 2.4 × 10^2^ copies/μl. *Lanes 1--8*, the concentrations of JEV RNA are from 2.4 × 10^7^ to 2.4 copies/μl in 10-fold serial dilutions. *Lane M* is DL2000 DNA Marker Fig. 5The detection sensitivity of real-time RT-PCR assay for JEV RNA. The amplification plots for detecting JEV show that the detection limit of the assay is 24 copies/μl. Repl.1-Repl.8 represent the concentrations of JEV RNA ranging from 2.4 × 10^7^ to 2.4 copies/μl in serial 10-fold dilutions Fig. 6Standard curve of real-time PCR for detecting JEV. The assay standard curve was generated by the known concentration of virus RNA in serial 10-fold dilutions Fig. 7Dissociation curve of real-time PCR for detecting JEV, with specific melting temperature of 84.7°C. The amplified product with a melting temperature of 84.74°C can usually be assigned as specific DNA

The JEV RT-LAMP on agarose gel electrophoresis analysis demonstrated an equivalent sensitivity with the real-time RT-PCR, 10-fold more sensitive than conventional RT-PCR. While the sensitivity of RT-LAMP by visual inspection using SYBR GreenI stain was found to be similar to the RT-PCR, which was inferior to the electrophoresis analysis. The details are summarized in Table [2](#Tab2){ref-type="table"}.Table 2Comparisons of RT-PCR, real-time PCR and RT-LAMP methods for detecting sensitivity of JEV RNAMethodsConcentrations of JEV RNA (copies/μl)2.4 × 10^7^2.4 × 10^6^2.4 × 10^5^2.4 × 10^4^2.4 × 10^3^2.4 × 10^2^2.4 × 10^1^2.4 × 10^0^Conventional RT-PCR++++++−−Real-time RT-PCR+++++++−RT-LAMP Naked-eye inspection++++++−− Agarose gel analysis+++++++−+ Positive reaction; − Negative reaction

The RT-LAMP amplification was completed within 1 h which was less than that of conventional RT-PCR (3.5 h) and real-time RT-PCR (2.5 h).

Application of JEV RT-LAMP in the samples {#Sec13}
-----------------------------------------

Two known JEV positive samples of bat train tissues, seven simulated clinical samples of JEV infection and the SA14-14-2 vaccine were detected for JEV by RT-LAMP assay. All 10 samples were positive by the assay (Fig. [8](#Fig8){ref-type="fig"}). By contrast, no positive amplification was observed in clinical samples from non-JE patients and 10 bat brain tissues that known JEV-negative.Fig. 8Detection of the samples by the RT-LAMP. Lane M is DL2000 marker. Positive reactions (*colored green* in the online version) present in the CSF samples (from *lane 1* to *lane 5*), blood samples (*lane 6* and *lane 7*), SA14-14-2 Japanese encephalitis vaccine (*lane 8*), and bat brain tissues known JEV-positive (*lane 9* and *10*). Negative reaction is seen (*colored orange* in the online version) in known JEV-negative CSF sample from non-Japanese encephalitis patients (*lane 11*)

Discussion {#Sec14}
==========

In the past decades, several nucleic acid-based amplification methods for detection of JEV infection have been established, which including conventional RT-PCR, nested RT-PCR, probe real-time RT-PCR, dye real-time RT-PCR and LAMP RT-PCR \[[@CR3], [@CR4], [@CR18]--[@CR20]\] Compared to conventional RT-PCR and nested RT-PCR, real-time RT-PCR has engendered wider acceptance due to its improved rapidity, sensitivity and the reduced risk of laboratory contamination. However, real-time RT-PCR assays have several disadvantages, such as requiring expensive instruments, high cost of consumables and reagents. Hence, real time RT-PCR assays are often unavailable to routine clinical diagnosis, especially in remote rural areas where are usually at high risk of JEV infection.

The LAMP method does not rely on expensive and sophisticated facilities such as thermal cyclers. The amplified products of the reaction are shown as a ladder-like pattern by agarose gel electrophoresis staining with ethidium bromide under UV light. The products are also observed through naked eye inspection under UV lamp or normal light by adding fluorescent dye such as SYBR Green I. A by-product of the LAMP reaction, magnesium pyrophosphate, can be detected by real-time turbidimeter, or directly can be inspected by naked eye when the accumulation of magnesium pyrophosphate forming visual white turbidity \[[@CR6], [@CR7], [@CR21]\].

To date, two reports have described the LAMP assay for detection of JEV. The report by Toriniwa and Komiya have showed that the sensitivity of detection of JEV RNA was 1PFU and 10PFU, with or without loop primers, respectively. The detection limit with loop primer was the same as that of one step RT-PCR \[[@CR13]\]. Parida et al. reported a RT-LAMP assay with the added loop primers to detection of JEV in CSF specimens from acute phase patients clinically diagnosed as encephalitis. They compared the RT-LAMP with conventional RT-PCR. Concordance was 85%, sensitivity was 100%, specificity was 86%, none of the samples positive by RT-PCR were missed by RT-LAMP \[[@CR14]\].

Here, we described the establishment of one step, single tube RT-LAMP assay for rapid detection of the envelope gene of JEV genome and compared sensitivity and specificity with conventional RT-PCR and real-time RT-PCR. The JEV RT-LAMP assay showed good specificity due to none of positive results found in negative control samples, including dengue-2 virus, rabies virus, norovirus, astrovirus and human enterovirus 71 under the same experimental conditions. Notwithstanding, it was regret that only two strains of flaviviruses were involved for evaluation of specificity of JEV RT-LAMP in this study.

The results showed that the detection limit of the JEV RT-LAMP assay was equivalent to that of SYBR Green real-time RT-PCR when LAMP amplified products by electrophoretic analysis, 10-fold more sensitive than conventional RT-PCR. The detection limit was 24 copies/μl. However, the sensitivity of detection by the naked-eye inspection based on color change was slightly lower than that by electrophoresis. The detection limit of was 240 copies/μl, which was equivalent to conventional RT-PCR assay. Nevertheless, considering the time-consuming of the RT-LAMP obviously less than that of conventional RT-PCR (2.5 h vs. 1 h), the RT-LAMP by the naked-eye inspection is superior to conventional RT-PCR.

In conclusion, this study presented a simple, sensitive and specific RT-LAMP assay for detection of specific nucleic acid sequence of JEV E gene. Considering the advantages of high sensitivity, rapid amplification, simple equipment and operation, the RT-LAMP assay can be applied as a practical molecular diagnostic tool for JEV infection and surveillance.
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